Background--Fibronectin in endothelial basement membranes promotes endothelial inflammatory activation and atherosclerosis but also promotes plaque stability and vascular remodeling. The fibronectin receptor a5 subunit is proinflammatory through binding to and activating phosphodiesterase 4D5, which inhibits anti-inflammatory cyclic adenosine monophosphate and protein kinase A. Replacing the a5 cytoplasmic domain with that of a2 resulted in smaller atherosclerotic plaques. Here, we further assessed plaque phenotype and compensatory vascular remodeling in this model.
A therosclerosis is an inflammatory disease of large to midsized arteries that is induced by the convergence of biomechanical, inflammatory, and metabolic risk factors including disturbed fluid shear stress, inflammatory cytokines, oxidative stress, and high low-density lipoprotein cholesterol. [1] [2] [3] [4] Despite medical progress, it remains the major source of illness and death in developed nations. 5, 6 Atherosclerotic lesions preferentially develop at regions of arteries where fluid shear stress from blood flow is lower and undergoes complex changes in direction, termed disturbed flow. These flow profiles are sensed by endothelial cells (ECs) and trigger oxidative stress, 7 NF-jB activation, and expression of downstream genes including cytokines and leukocyte recruitment receptors. This inflammatory "priming" sensitizes these regions of arteries to systemic risk factors such as hypercholesterolemia, diabetes mellitus, hypertension, and smoking, to induce atherosclerotic plaques. 8 These plaques
are characterized by accumulation of lipids, inflammatory cells (monocytes, macrophages, and foam cells), cholesterol crystals, proteoglycans, and extracellular matrix. 5 Plaques that become more inflamed, with large necrotic cores and thin fibrous caps, are prone to rupture, which triggers thrombosis and vessel occlusion, the major source of mortality. Recent studies have revealed that plaque vulnerability is also highly correlated with low/disturbed flow as well as collagen degradation by matrix metalloproteinases (MMPs). 9, 10 Hence, elucidating the mechanisms that govern plaque formation and stability and vessel remodeling is an important goal. EC inflammatory activation by disturbed flow, oxidized low-density lipoprotein, and IL-1b, which are major factors in atherosclerosis, is strongly modulated by the extracellular matrix to which the cells adhere. Fibronectin (FN) through its receptors, integrin a5b1 and avb3, enhances activation of NF-jB and other inflammatory pathways in response to disturbed flow, oxidized low-density lipoproteins and IL-1b to increase recruitment of inflammatory cells at atheroprone sites, whereas the collagen/laminin receptor integrin a2b1 is anti-inflammatory. 11, 12 These effects were traced to selective activation of the anti-inflammatory mediators cyclic adenosine monophosphate (cAMP) and protein kinase A in ECs on collagen or basement membrane protein but not FN. 7 The role of FN, however, is not entirely deleterious.
When plaque phenotype was examined after deletion of plasma FN, plaques were smaller but appeared more vulnerable, with thinner fibrous caps, less collagen and smooth muscle actin, and evidence of plaque rupture and healing. 13 Matrix remodeling therefore has complex effects in plaque pathology.
To elucidate the role of integrin-specific signaling in these processes, we created a chimeric integrin in which the cytoplasmic domain of integrin a5 was replaced with that of integrin a2 (a5/2 chimera). This receptor pairs with the b1 subunit and binds FN but signals as if bound to collagen, activating cAMP and protein kinase A, and inhibiting NF-jB. 14 a5/2 knock-in mice on the apolipoprotein E (ApoE À/À ) background had reduced atherosclerotic plaque size in the aortic arch, supporting an inflammatory role for integrin a5. These effects were linked to an interaction between a5 cytoplasmic domain and cAMP-specific phosphodiesterase (PDE) 4D5. In the current study, we further investigate the role of FN in atherosclerosis and vascular homeostasis by more closely examining plaque phenotype and blood flow recovery in the integrin a5/2 mouse.
Materials and Methods
All data are available in the article. Reagents will be made available upon reasonable request.
Mice
All mouse protocols were approved by the Yale University Institutional Animal Care & Use Committee. ApoE mice on a pure C57BL6 background were purchased from Jackson Laboratory (Bar Harbor, ME) and maintained in the colony. ApoE mice were crossed with integrin a5/2 knock-in mice on a pure C57BL6 background. 
Clinical Perspective
What Is New?
• Fibronectin has been implicated in atherosclerosis, but although it promotes inflammatory activation of the endothelium and increases plaque size, it also promotes plaque stability, most likely through its function as a scaffold in collagen fibril formation.
• The current study shows that mutating the cytoplasmic domain of its receptor integrin a5, which blocks the proinflammatory effect, reduces plaque size by inhibiting binding to phosphodiesterase 4D5 and improves recovery from hindlimb ischemia without impairing plaque stability.
What Are the Clinical Implications?
• These data indicate that a pathway involving integrin a5-phosphodiesterase 4D5 signaling is a promising therapeutic target for treating coronary and peripheral artery disease.
SMA (1:200; Sigma); F480 (1:200; Serotec, Hercules, CA). Sections were washed 3 times in PBS and incubated with Alexa fluor 598-conjugated donkey anti-rabbit or -rat secondary antibody (Invitrogen, Carlsbad, CA) for 1 hour at room temperature. Slides were washed with PBS and mounted in Vectashield with DAPI (Vector Laboratories, Burlingame, CA). Images were acquired using a Nikon 4 laser confocal microscope. For histology, sections were stained with hematoxylin and eosin, Oil Red, or picrosirius red.
Quantification and Statistical Analysis
ImageJ software (National Institutes of Health, Bethesda, MD) was used for morphometric analysis. Mean lesion area and necrotic core area in the aortic root (in mm 2 ) were calculated from the hematoxylin and eosin-stained aortic root sections. All graphs were created using GraphPad Prism software (San Diego, CA) and statistical analysis were performed using a Student's t test or a 2-way-ANOVA (multiple comparisons) as described in GraphPad Prism 6. P values below 0.05 are considered significant.
Hindlimb Ischemia
Age-matched (12-to 14-week-old) WT (n=9) and a5/2 knockin mice (n=8) were subjected to femoral artery ligation, and blood-flow imaging was carried out by laser Doppler. Vascular anatomy was analyzed by high-resolution micro-CT (GE eXplore Locus SP, GE Healthcare, Chicago, IL) as described previously.
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Results
Early Inflammatory Signaling in ApoE À/À Mice FN is deposited at atherosclerosis-prone regions in wild type C57/Bl6 mice and increases as plaques develop in hyperlipidemic models. 12 To examine the consequences of altered a5b1 signaling in early plaque development, we maintained WT;ApoE À/À and a5/2;ApoE À/À mice on a high-fat diet for 4 weeks and stained for FN and NF-jB target genes in the aortic root. a5/2;ApoE À/À mice showed reduced staining for FN, the endothelial leukocyte recruitment receptor VCAM-1, and inflammatory cells compared with WT;ApoE À/À mice ( Figure 1 ). Thus, the a5 tail promotes high-fat diet-induced inflammatory signaling at early stages of plaque formation.
Advanced Atherosclerotic Lesions in ApoE
À/À
Mice
We next examined aortic root lesions in mice on a high-fat diet for 16 weeks. Morphometric analysis of the hematoxylin and eosin-stained aortic root showed a nearly 50% reduction in aortic root area occupied by plaque in a5/2;ApoE À/À mice compared with WT;ApoE À/À mice (Figure 2A) Figure 2B ). No differences in plasma lipids or body weight were observed between WT and a5/2 mice. 14 
NF-jB Activation and Leukocyte Accumulation
To gain further insight into the mechanisms involved, we examined activation of NF-jB and induction of downstream inflammatory genes in mice after 16 weeks of high-fat feeding. Aortic root sections were stained for phosphorylated NF-jB subunit p65, a step in NF-jB activation that accompanies nuclear translocation and promotes expression of target genes. Phospho-p65 staining in the endothelial layer of the aortic lesion was significantly reduced in the a5/2; ApoE À/À compared with WT;ApoE À/À mice ( Figure 3A ). The leukocyte recruitment receptors ICAM1 and VCAM1, which are induced in part through NF-jB, were significantly reduced in atherosclerotic lesions in the a5/2;ApoE À/À compared with WT;ApoE À/À mice ( Figure 3B and 3C). To test functional consequences, we stained sections for markers of inflammatory cells. CD45, a general marker for hematopoietic cells, was significantly reduced in a5/2;ApoE À/À aortic root sections ( Figure 3D ), as were the macrophage markers CD68 ( Figure 3E ) and F4/80, a marker for mature macrophages ( Figure 3F ). Together, these results demonstrate that the a5 tail promotes plaque expansion and inflammation.
Matrix Composition and Fibrous Cap Thickness
Inflammation and proteolysis of the extracellular matrix are major contributors to plaque vulnerability. 17, 18 Plaque is stabilized by a fibrous cap, rich in smooth muscle cells and collagen, and destabilized by inflammatory cells that produce matrix-degrading metalloproteinases, principally MMP2 and 9. [19] [20] [21] [22] We therefore examined these components. When fibrillar collagen, a major determinant of tensile strength of the plaque, was assessed by staining with picrosirius red, there was no detectable difference between plaque in a5/2; ApoE À/À and ApoE À/À mice ( Figure 4A ). FN staining was also similar ( Figure 4B ), which may reflect its role in tissue repair and remodeling through the TGFb [23] [24] [25] and b-catenin pathways. 26, 27 By contrast, the major matrix-degrading enzymes, MMP9 and MMP2, were significantly reduced in the a5/2; ApoE À/À mice ( Figure 4C and 4D muscle cell content was evaluated by staining for smooth muscle actin, the staining in the plaque core, media, and fibrous cap showed no significant difference between a5/2; ApoE À/À and WT;ApoE ApoE À/À mice, n=9). C, Anti-MMP9 (ApoE À/À mice, n=9; a5/2;ApoE À/À mice, n=8). D, Anti-MMP2 (ApoE À/À mice, n=9; a5/ 2;ApoE À/À mice, n=9). NS, not significant; ****P<0.0001; **P<0.005 compared with ApoE À/À ; unpaired 2-tailed Student's t test). MMP indicates matrix metalloproteinase.
In Vivo PDE4D Knockdown and Atherosclerosis
Our previous data implicated PDE4D5 as a binding partner for the integrin a5 cytoplasmic domain that mediated the proinflammatory effects of FN. 14 We therefore investigated whether its depletion in ECs in vivo reduced atherosclerosis. siRNA packaged into nanoparticles specifically target the endothelium without affecting hepatocytes, hematopoietic cells, or other tissues. 30 First, we evaluated the endothelial in vivo knockdown of PDE4D and other proinflammatory markers in intimal RNA, isolated from athero-prone regions of WT mice injected with PDE4D or control luciferase siRNA, as previously described. 14 PDE4D siRNA greatly reduced the mRNA levels of PDE4D, FN, VCAM, and MMP2 compared with luciferase siRNA ( Figure 6A ). Next, ApoE À/À mice on a high-fat diet were treated with serial injections of PDE4D or luciferase siRNA as outlined ( Figure 6B ). Intravenous injection of these particles had no effect on plasma low-density lipoprotein cholesterol or triglycerides or on body weight ( Figure 6C ). Examination of aortic roots in these mice after 8 weeks revealed significantly reduced Oil Red O staining in PDE4D-compared with control-injected mice ( Figure 6D ). The NF-jB target genes VCAM1 and ICAM1, which in luciferase siRNA-injected mice were elevated in atherosclerotic plaques compared with uninvolved regions, were significantly reduced after PDE4D knockdown ( Figure 7A and 7B). PDE4D siRNA also reduced plaque staining for the leukocyte markers CD45 and CD68 ( Figure 7C and 7D) . These results are consistent with PDE4D5 as a downstream effector for integrin a5 proinflammatory signaling in atherosclerosis.
Hindlimb Ischemia in Integrin a5/2 Mice
The major mechanism for adaptation or recovery following an arterial blockage by atherosclerotic plaque is compensatory remodeling. This process is triggered by elevated shear stress in the small vessels parallel to the blocked artery, resulting in their enlargement and arterialization, to provide blood flow to affected tissues downstream. To compare responses of a5/2 and WT mice to arterial blockage, femoral arteries were ligated. Blood flow in the lower limbs was then measured by laser Doppler imaging, with blood flow in the unaffected limb serving as a control. These measurements showed that recovery of flow was accelerated in the a5/2 mice compared with WT ( Figure 8A , quantified in 8B). Next, we analyzed the remodeled vasculature. Staining with platelet/endothelial cell adhesion molecule antibody to mark capillaries in the lower leg at 21 days after surgery showed evidence of angiogenesis but no significant difference between WT and a5/2 mice ( Figure 9A ). Next, larger vessels were visualized by micro CT. In these experiments the vasculature is maximally dilated prior to fixation, followed by injection of contrast agent and imaging. a5/2 mice had decreased vascular density in both the thigh and calf regions compared with WT mice ( Figure 9B ). To resolve the discrepancy, we also stained for smooth muscle actin in sections from the adductor muscle in the thigh to mark the arteries, fixed without prior dilation. Under these conditions, we observed that the increase in artery diameter triggered by femoral artery ligation was greater in the a5/2 mice ( Figure 9C ). Together, these data suggest that a5/2 mice have improved recovery from hindlimb ischemia (HLI) mainly due to improved vessel function.
Discussion
Previous studies showed that genetic manipulations that reduced FN in the vessel wall reduced atherosclerosis. However, in the study that examined plaque phenotype, 13 deletion of plasma FN resulted in thinning of the fibrous cap and plaque rupture, demonstrating that FN contributes to plaque stabilization. Mechanistic work in our lab showed that the major FN receptor, integrin a5, promotes inflammatory activation of ECs by binding PDE4D5. This interaction promotes PDE enzymatic activity and inhibits the anti-inflammatory cAMP-protein kinase A pathway, thus sensitizing ECs to inflammatory stimuli.
14 This study also showed that replacing the cytoplasmic domain of a5 with that of a2 in mice reduced atherosclerotic plaque size in the aortic arch, supporting a role in vivo. In the current study, we analyzed plaque phenotype in greater detail in a5/2;ApoE À/À mice. We found that these mice Figure 6 . Endothelial in vivo PDE4D5 knockdown. PDE4D siRNA or luciferase siRNA were packaged into endothelialspecific nanoparticles and administered intravenously into WT (C57BL6) mice. A, Intimal RNA was isolated and assayed for PDE4D and proinflammatory gene expression by quantitative real-time polymerase chain reaction. B, Outline of PDE4D siRNA protocol for atherosclerosis. ApoE À/À mice on a high-fat diet were serially injected with nanoparticlepackaged PDE4D or luciferase siRNA and examined at 8 weeks. C, Plasma lipid levels. D, Aortic root sections were stained for Oil Red O, and the positively stained area was quantified (siLUC; n=5 mice; siPDE4D, n=5 mice). *P<0.05 compared with ApoE À/À by unpaired 2-tailed Student's t test. FN indicates fibronectin; HDL, high-density lipoprotein; HFD, high-fat diet; LDL, low-density lipoprotein; LUC, luciferase; MMP, matrix metalloproteinase; PDE, phosphodiesterase; si, small interfering [RNA]; WT, wild type. Figure 7 . In vivo PDE4D (4D5) knockdown and plaque inflammatory markers. ApoE À/À mice on a high-fat diet were serially injected with nanoparticle-packaged PDE4D or luciferase siRNA, and examined at 8 weeks. Aortic root sections were stained for (A) VCAM-1 (siLUC, n=4 mice; siPDE4D, n=5 mice); (B) ICAM-1 (siLUC, n=4 mice; siPDE4D, n=4 mice); (C) CD45 (siLUC, n=4 mice; siPDE4D, n=5 mice); and (D) CD68 (siLUC, n=5 mice; siPDE4, n=4 mice), as indicated. had reduced early and late inflammatory activation in the vessel wall and smaller plaques in the aortic root. Importantly, plaques in these mice had lower MMP expression and maintained fibrous cap thickness. Endothelial-specific in vivo knockdown of PDE4D5 also reduced plaque burden, supporting the notion that this enzyme is an important mediator of the inflammatory, proatherosclerotic effects of FN. However, maintaining knockdown of the enzyme for longer periods is technically difficult, and the shorter time for these experiments precluded analysis of plaque stability. FN is well known to serve as a scaffold that promotes collagen fibrillogenesis. 31, 32 These results lead us to hypothesize that FN has at least 2 distinct functional roles in atherosclerosis. By binding integrin a5b1, it promotes inflammatory signaling and favors progression of the atherosclerotic plaque. However, through its role in collagen fibrillogenesis, FN also promotes plaque stability. Because plaque rupture is thought to be the major cause of clinical events, FN synthesis and matrix assembly are not attractive therapeutic targets.
Results in the HLI model, however, support the a5-PDEcAMP pathway as a potential therapeutic target. These experiments showed that blood flow in the affected limbs of a5/2 mice recovered more rapidly than in WT controls after femoral artery ligation. This outcome is surprising in that C57BL6 recover well from HLI and, indeed, have been used in genetic studies as a prototypical high-responding strain. 33, 34 The improved recovery in a system where remodeling is already rapid strongly encourages examining these effects in genetic backgrounds and disease settings where recovery is poor.
The second surprising result is that the improved flow recovery was associated with less rather than more vascularization. Thus, blocking the FN-a5/2-PDE pathway does not promote vessel remodeling per se. A more likely explanation is that the a5/2 mutation improves vessel function to allow higher blood flow through the existing vasculature. Indeed, when analyzed without prior vasodilation, arteries in the upper leg in a5/2 mice had larger diameters. A similar improved recovery from HLI while decreasing vascular density as measured by microCT was seen following EC-specific inhibition of NF-jB. 16 Because microCT is done in mice injected with a strong vasodilator before fixation, differences in vessel function would not be detected. This idea is consistent with a report that plating ECs on FN reduced endothelial nitric oxide synthase activation and NO production, and that injection of an antagonist of integrin a5 increased plasma nitrate levels in mice. 35 Whatever the mechanism, the improved blood flow recovery after HLI further supports the idea that blocking FN signaling through a5 may be beneficial in vascular disease. The a5/2 chimera was a whole-animal knock-in; thus, multiple cell types could contribute to the observed effects. In vitro experiments with ECs showed reduced NF-jB activation and inflammatory gene expression, 14 which fits well with reduced inflammatory gene expression in the endothelium in early atherosclerosis, supporting these cells as important mediators. However, smooth muscle cells also show modulation of inflammatory pathways by matrix proteins, 36, 37 as do monocyte/macrophage lineages. 38, 39 Moreover, both of these lineages play roles in both inflammatory processes and fibrous cap phenotype. Further work with tissue-specific knock-in will be required to sort out these questions.
In conclusion, these results resolve the dual role of FN in atherosclerosis by demonstrating that signaling through integrin a5b1 mediates the proinflammatory effects but not the effects on plaque stability. Proinflammatory signaling is mediated at least in part through PDE4D5. The data further demonstrate that inhibiting FN-a5 signaling promotes recovery from arterial restriction. Further study to determine whether this pathway can serve as a therapeutic target in atherosclerosis and possibly other chronic inflammatory diseases therefore seems warranted. Figure 9 . Arterial vasculature after hindlimb ischemia. Analysis of vasculature in WT and mutant mice 21 days after surgery. A, Sections through the calf region were stained with PECAM antibody (CD31) to mark blood vessels in the lower leg. Capillary density was then quantified (WT mice, n=4; a5/2 mice, n=4). B, Representative microCT images of vasculature. The number of vessels within each size range was quantified as described in Methods (WT mice, n=5; a5/ 2 mice, n=5; *P<0.001 by 2-way ANOVA, multiple comparisons). C, Sections through the upper leg were stained for smooth muscle actin to label arteries and vessel diameter measured (WT mice, n=4; a5/2 mice, n=4). For all panels, values are meansAESD. *P<0.05, **P<0.005 compared with WT mice by unpaired 2-tailed Student's t test. CT indicates computed tomography; Lig, ligated; PECAM, platelet/endothelial cell adhesion molecule; WT, wild type.
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